The use of Biologically-Inspired Design (BID) has become increasingly prominent as an innovation tool for sustainability in large corporations. This research, from the perspective of innovation management and organizational development, explores the use of BID as a tool for corporate sustainability at multiple levels and refl ects on the implications for corporate sustainability agendas. The review of the literature analyses the history of BID in a broad sense, both with and without sustainability objectives, and disambiguates several aspects of the fi eld that have been largely overlooked in the popular media. Many corporate managers are utilizing the methods and tools of BID with little understanding of how they may or may not connect to corporate sustainability objectives of the organization. This research aims to bring this to light and create a much-needed critical dialogue around the use of BID for sustainability-oriented innovation (SOI). A four-tiered model is used to frame the use of BID in this setting and existing case studies are used to test the model. Research outcomes include creating a fr amework for understanding how BID can be used to inform innovative solutions within the product, process, organizational and systems-levels by embedding sustainability criteria at each level using various biological models. The aim of this research is not to simply deconstruct BID, but rather to create a dialogue amongst sustainability practitioners, corporate professionals and academics that increases the robustness of the tool for use in achieving sustainability goals and objectives.
INTRODUCTION
"One has to make up his mind whether he wants simple answers to his questions-or useful ones… you cannot have both." J.A. Schumpeter
The use of Biologically-Inspired Design (BID) is clearly not new. Scholars, designers and inventors as early as Leonardo Da Vinci have been seeking inspiration from nature for design innovation [1] . What are new are the broad reaching effects of biomimetic principles across numerous disciplines simultaneously, as is evident in this publication and others. BIDs can be seen amongst research labs, entrepreneurs and corporate R&D departments around the globe [2] [3] [4] [5] . BID related patents are among the fastest growing forms of innovations registered between 1985-2005 [6] . The concept is prolifi c enough across sectors that an economic index, the Da Vinci Index, was recently created to monitor and report on its activity [7] . Just as traditional models of innovation indicate [8] [9] [10] [11] , biomimetic innovations happen at multiple levels [12] . They can be found in form, product, process, system, organization and management innovations in applications as diverse as the individuals developing the ideas. There is a common (and questionably erroneous) view that 'design strategies' found in non-human natural systems are different from and superior to human capabilities [13] [14] [15] . BIDs are changing the way that humans view the natural world from merely a resource base to a source of design insights [12] . There is now a common belief that humans will become more sustainable using BID as a catalyst for innovation in a range of industries [12, 13, 16] .
And paradoxically, as these concepts move inquisitively along through the processes of innovation, design, research and practice, there continues to be an urgency amongst human societies to address issues of environmental peril that have resulted from the legacy of this very same innovation and design [17, 18] . It has been well-documented that the human species is reaching the limits of its ecologically-viable niche in the biosphere [19] [20] [21] . With these limits in mind, it begs the questions: 'To what ends are we innovating? What are the goals of innovation? If sustainability is the goal, how do we know if we are contributing to sustainable development? Is biologically-inspired innovation contributing to this goal?' 2 THE STATE OF CORPORATE SUSTAINABILITY Numerous tools and strategies have been developed within the private sector to move towards the goal of sustainable development in the last 30 years. Platforms such as the Triple Bottom Line, the Global Reporting Initiative, UN Global Compact and ISO 140001 have emerged as tools to help companies manage and report on their social, environmental and economic impacts [22] [23] [24] [25] . There are also numerous systems of metrics that measure sustainability of the city, household, product and others [26] [27] [28] [29] . While these efforts to quantify and monitor sustainability, environmental impacts, and consumption are noble attempts to guide us toward sustainable development, they unfortunately do not provide any guidance regarding the limits of human growth in a biophysical sense or give policy makers reliable data upon which to base decisions [26, 30, 31] . Nevertheless, these tools have been successful in creating greater awareness amongst corporations, their shareholders and their stakeholders regarding the impacts of business in society and the biosphere. These tools have also changed the tone of business rhetoric from simple remediation of environmental harm to more active participation as global players in sustainable development. The language on corporate relationships to the environment includes a wide array of terms-such as 'greening', 'environmental', 'eco-innovation' and others-that generally have little to do with any social implications of the product life-cycle or manufacturing processes, but rather focus on reducing resource use and increasing product effi ciency. An increasingly used term, 'sustainability-oriented innovation' (SOI) focuses on a broader view of corporate relationships to nature and society and has become a key conversation in corporate strategy [9, 32] . Despite this progress, there has been a great deal of scepticism about the effectiveness of these and similar efforts. Today, human patterns of consumption and production are still using resources and creating pollution at an unsustainable pace [21, 26, 31] . 'We simply do not know to what extent corporate greening actually contributes to ecological sustainability or whether it does at all' [33] .
It is with this situation in mind that it becomes important to explore the relationship of biologically-inspired design and innovation in the overall agenda of sustainability in the private sector. This analysis aims to highlight some of the key misunderstandings of the use of biologically-inspired innovation in large companies as a tool and process for sustainability. The enormous promise of BID portrayed in the popular media leaves one to wonder if biologically-inspired innovation processes do indeed produce sustainability-oriented results.
DISAMBIGUATION OF TERMS
The human species has evolved outstanding capabilities in its use of language and technology to describe, manipulate and emulate design principles in nature, such as those principles described by constructal law and ecological theory [34] . While the concepts of learning from nature for human design can be traced back to pre-history, BID has only been gaining distinction as a fi eld of study since the 1950s and 1960s. The historical use of terms has been well-documented in this publication and others [35] [36] [37] , is summarized in the table below. There are, however, a few points of departure not previously described that are worth mentioning. Some key components of the modern BID dialogue that are often overlooked have their origins in the built environment. Buckminster Fuller introduced some of the early thinking in architecture [38] , followed by Ian McHarg in landscape architecture [39] and John Todd in the design of living machines [37] . Iouguina, et al. highlighted many of the key distinctions amongst terms and the users of terms elsewhere in these proceedings [37] . As a point of clarifi cation from that piece, the term 'biomimicry' fi rst appeared in the literature in 1982 in the context of dentistry [40] , but was later popularized in the context of SOIs in 1997 by Janine Benyus. It was this connection of BID to sustainable development in Benyus's release of Biomimicry: Innovation Inspired by Nature, which started a fl urry of activity in North America. This compilation of case studies reconnected the innovations and technologies of the human species to the biosphere and repositioned humans as one of the many species learning to adapt to the planet. This framing changed the dialogue in a subtle but signifi cant way. From Benyus's perspective, the processes of innovation are closely linked with the processes of evolution. This positioning was a critical component in connecting inspiration from nature to the conservation of nature that led to the landslide of popular literature on the subject since 1997 [12] .
In 2007, Marshall wrote of the term ecomimicry, which incorporated place-specifi c and social aspects of sustainability as an alternative to biomimicry. While understandable given the muddled history of terms, his erroneous perception was that biomimicry was limited to technological applications of biological strategies out of ecological context and was attempting to fi ll a non-existent gap in the thinking [41] . Since then, Pauw et al. created a defi nition that encompasses the terms biomimicry, cradle-to-cradle and natural capitalism in a framework of 'Nature-Inspired Design Strategies' to differentiate sustainability-oriented BID from approaches without ethical considerations [3] .
While practitioners use the many terms interchangeably, there are effectively two schools of thought that divide the BID innovation space that are not consistently associated with the particular terms. The fi rst is the use of biological models to inform design solutions because of the unique and outstanding physical properties of biological system and without explicit considerations for the ethical implications of the outcomes. The second is the use of biological models to inform design solutions to solve challenges of sustainability and human adaptability. And while this slight variation may seem inconsequential, there are signifi cant differences in the intentions, goals and outcomes of such approaches that can be misleading and confusing for those engaging in BID who are new to the concepts of sustainability. It could be argued that this distinction is more important than the terms themselves.
As is evident from previous research, there is no common defi nition for these terms and yet, they are frequently used interchangeably. These various disciplines are often clustered together and consequently, the validity of BID as a tool for SOI is called into question [36, 45, 46] , and rightly so. A paper in the journal Bioinspiration & Biomimetics entitled 'The State of the Art in Biomimetics' makes no mention of the words sustainability or environment [47] . This type of omission in the literature is not an anomaly. A search of the journal Bioinspiration & Biomimetics from its start in 2006 until Volume 9, Number 1 in 2014 returned only seven instances of the term 'sustainability', suggesting that this body of research in BID is greatly decontextualized from biophysical realities and social ethics. There are numerous cultural interpretations of biological processes that are completely absent of notions of sustainability, and in some instances to the opposite extreme, have been used for destructive purposes [45, 48] . Indeed, the United States Department of Defence is one of the largest funders of biomimetic research [36, 45] . BID has been called a 'technocentric' approach which is effective as a human-focused tool for innovation, but lacks an 'ecocentric' approach that would defi ne nature as having intrinsic value and connects humans to natural systems. Marshall and Lozeva say: 'It is also noteworthy that the prime funders of large-scale biomimicry research are tending to be the defence industry along with various large corporations' (Emphasis added) [36] . The authors seem to be, somewhat naively, pairing the defence industry with large corporations as if the two were ethically equivocal. However, according to publications such as National Geographic, Fast Company, Bloomberg News, The Guardian and others [49] [50] [51] [52] , many corporations are now using BID for SOI.
Although there has been no documentation of clearly described strategies, methods and design principles of BID in commercial product development of sustainable products [3] , there are welldocumented case studies of sustainability-oriented BID in corporate settings [4, 12, 53, 54] . The lack of documentation of BID strategies, etc. in corporate settings is likely due to the non-disclosure of intellectual property more so than a lack of strategies for BID design in the private sector. For example, the consulting group within Biomimicry 3.8 has a corporate client list with major brands including Boeing, Nike, GE, Proctor and Gamble, Kraft and others, suggesting that these companies are engaging in BID for SOI [44] .
While there are extremes regarding the issue of sustainable vs. destructive BID, another perspective emerging in this space is one of a more cautious optimism and middle ground. Volstad and Boks explore the benefi ts and challenges of using BID from the perspective of industrial designers and are cautious about the use of the tool as a panacea solution to all human-created problems in design [55] . Pauw et al. note that there is little to no evidence that nature-inspired design produces more sustainable results within product design, however, sustainability-oriented product design does produce better-suited designs than having no goals whatsoever and BID is a tool well-suited for this purpose [3] . Is this due to a lack of connection of BID to sustainability in actuality or merely a lack of research attempting to address the subject? The qualifi cation of sustainability is, after all, one of the most diffi cult challenges of our time.
As is evident, the use of BID for sustainable development is a highly contested issue with deep historical origins in many disciplines. The tool spans numerous sectors and various disciplines, each with its own perspectives and evaluations of sustainability. Practitioner identities range from architects, engineers, and designers to academic researchers to corporate CEOs to weapons innovators [35, 45, 56] . In an emerging, under-analysed discipline with roots in widely varied contexts, the definitions and assumptions become of critical importance. BID that leads to sustainable results cannot be assumed, as is often the case in the popular media listed above. These types of articles have led many a corporate innovator to want to 'do biomimicry' with little realistic sense of the sustainability embedded in the outcomes. The 'doing' of biomimicry takes many forms and consequently, the analysis of BID in corporate settings spans a number of disciplines, making it an especially challenging research endeavour. It is understandable that practitioners of various disciplines lack comprehensive knowledge about the defi nitions and criteria of BID. Both the BID and business literature are vastly varied as related to the biophysical, social and economic aspects of sustainability.
THE RELATIONSHIPS OF BUSINESS TO NATURE AND SOCIETY
To understand the relationship of biomimicry to sustainability in corporate settings, it is equally critical to frame the relationships of the fi rm to sustainability. Without engaging in a full historical account, it is important to note that most management research till date has been inadequate in addressing sustainability as fi rm interactions with biophysical and social systems and instead has focused on environmental risks, use of natural resources and the environment as a repository for externalities and pollution [57, 58] . When researching in management studies, one must not assume that a 'sustainable company' has considered the social or environmental impacts of their organization. With a few exceptions, '…Most management theorizing and research continues to proceed as if organizations lack biophysical foundations' [59] . This may be changing as corporate managers become more aware of resource scarcity, climate change and dependence on ecosystem services as some authors have highlighted [31, 60, 61] .
Particularly helpful models in this shifting dialogue were contributed by Marcus, et al. Refer to Figure 1 in which they framed the relationships between business, nature and society with three changing trends. The fi rst model, the 'Disparate View', can be traced back to the more traditional models of capitalism. In this view, the role of both Nature (N) and Society (S) is to serve and be subservient to the requirements of Business (B). It was assumed that the market would solve negative externalities in Nature and Society and the model served businesses well throughout the industrial revolution. The second model, the 'Intertwined View' emerged in the late 1980s and 1990s. This view has also been called the 'Triple Bottom Line' [22] . It gives equal weight to all three aspects-Business, Nature and Society-and targets the overlap of the three as the essence of sustainable development. The fi nal framing is the 'Embedded View' which positions business as a subset of social systems which are, in turn, a subset of natural systems [60] .
While this difference may seem subtle, it signifi es a larger shift in thinking from one of dependence to one of interdependence with society and natural systems. This newfound position creates a platform for a dialogue between corporate agendas and societal sustainability agendas that acknowledges this interdependence. It also creates an entry point to begin to defi ne exactly what the limits of natural systems are that may effect business activities, as several authors are attempting to do with planetary boundaries research [21, 31, [62] [63] [64] .
In this view, it becomes apparent that merely emulating biological systems without a greater sense of interdependence is unlikely to bring human societies towards more sustainable ways of being. A necessary shift for BID to be a tool for sustainability in any sector is a transition towards a participatory model of humans in natural systems [35] . For BID to be helpful as a tool for SOI in corporate settings, corporate entities themselves need to have a strong sense of identity relating to sustainability and their role in biophysical systems.
PRODUCTS, PROCESSES, ORGANIZATIONS AND SYSTEMS
A challenging aspect of qualifying sustainability in BIDs relates to the many scales and sectors of application. The term 'biologically-inspired design' has been used as a catch-all phrase in this analysis because of its historical use, but the application of biological models to human innovation spans wellbeyond the world of design and into research as varied as swarm theory in computational applications, organizational ecology in management studies and even evolutionary epistemology [65] [66] [67] . Benyus identifi es three levels of biomimicry-form, process and system-but corporate sustainability and innovation researchers name other levels of analysis for SOI and conventional innovations that speak to users beyond design disciplines and are better suited for a wider audience. These categories include: product, process, organization, system, position and paradigm [8, 9, 12, 68] . Taking into account enormous variation in innovations and overlapping categories of defi nition, a blend of these approaches results in four categories to analyse sustainability-oriented BID: product-, process-, organization-and system-level innovations. Much of the research to date has been at the product-and process-levels although numerous examples of organization-and system-level BID exist in the grey and popular literature.
The concept of innovation systems positions any one innovation as part of a larger 'relational, interactive and cumulative process that occurs between producers and users of goods and services' [69] . Most recent progress in BID innovations also do not demonstrate relationships to innovations systems, in addition to the persistent gap of embeddedness in biophysical and social systems. Too frequently, the BIDs that are released in the popular and grey literature lack the contextual presence to have a signifi cant impact on sustainable development because innovation systems are not considered holistically.
To help practitioners engage in sustainability-oriented BIDs, I propose the following nested model of Biologically-Inspired Innovations (BIIs) Refer to Figure 2 . This model includes biomimicry and nature-inspired design as defi ned above, both in which sustainability is guided by natural systems, and expands to encompass broader levels of innovations not limited to traditional design disciplines. It excludes any BID not used for deepened sustainability and adaptability of the human species. For all practical purposes, the term biomimicry would be suffi cient to describe this framework except that it is frequently associated with biomimetics, which often has no connection with sustainability.
Like the role of nature in the business-society-nature relationships above, this model positions systems as an underlying platform for all other types of innovations. Systems in this model include: socio-economic systems that span sectors; systems of production, consumption and waste; and ecosocio-techno-systems as described by Adams, et al. [8] . By defi nition, these types of innovations span beyond the unit of a corporate entity and include the multiple types of organizations as described next. Organizations are groups with legal and social identities such as corporations, governments, cooperatives, academic institutions and non-governmental organizations. Innovations at this level could also be considered management innovations. Processes are the ways by which products and Figure 1 : Changing views of the Business-Society-Nature relationships [60] .
services are produced and delivered. This can include manufacturing processes, organizational processes and others. Products are anything that a consumer would prescribe a value to coming from an organization including physical products, services and experiences. (These defi nitions are used for descriptive purposes and not based on a detailed analysis of terms, but rather to form a common language for communication across disciplines.)
The purpose of this model is three-fold. First, there does not currently exist an explanatory structure for BIIs that includes the organization and there are numerous examples of BIIs emerging in this space, particularly within management studies. Second, this slicing of the innovation space speaks to business professionals who may not otherwise engage with the language of design. And fi nally, Benyus's early framing does not acknowledge the embeddedness of each level emulation that is necessary to support corporate sustainability agendas. If BIIs are to contribute to sustainable development, the pursuit of these innovations must always be considered in the larger social and biophysical innovation systems. Through the lens of BII, the creation of a systems innovation can support organizations which design processes to create products, all inspired by and participating in biological systems. These tiers of innovation are closely interconnected and SOI is arguably not possible when viewed as separate categories.
These examples were chosen because they in some way address the biophysical and/or social aspects of sustainability, although some are more robust examples than others. Without clearly defi ned sustainability criteria, it is diffi cult to judge this aspect of the innovation. Also of note is the exclusion of numerous examples of organizational ecology and business ecosystem metaphors. While these examples are plentiful in the management and popular literature, they do not connect users to sustainability beyond that of the organization (e.g. [81] ), and consequently, do little to further the thinking around BID and sustainability. That is not to say that this is a necessary exclusion, but rather that the current thinking in the business literature strongly refl ects the older paradigm of business being separate from nature. 6 CONCLUSIONS This paper has brought to light the various relationships and disconnects with BID and sustainable development at multiple levels. It has also provided a new conceptual model for corporate innovators to consider when utilizing BID strategies. Although there are numerous examples of metaphorical connections of BID to sustainability, a quantifi able and comparative measure has yet to be developed. With this kind of analytical research still nascent in management studies, it is no surprise that organizations 'doing biomimicry' assume that they are arriving at a more sustainable result simply by emulating natural systems. After all, it's diffi cult to argue with 3.8 billion years of evolutionary design. However, without a robust defi nition of sustainability and sustainable development that is easily accessible and can be operationalized by large companies, the actual implementation of those 3.8 billion years of evolutionary experience to the challenges of our time may be executed with less than sustainable results. There are no neutral applications of biology that exists without human interpretations laden with personal judgments, values and ethics [48] .
This article attempts to create an operational model for large corporations to frame their use of BII for the greatest level of contribution to sustainable development. While it will not serve to address all uses of BID in all contexts, it may be a helpful addition to the ongoing dialogue regarding standardization of a biomimetic process currently underway at the International Organization for Standardization (www.iso.org). The self-contradiction of terms and similar issues surrounding the convoluted history should not be underestimated as the Technical Committee works though the process of certifying this adolescent discipline. It will not be a simple exercise of defi ning a biomimetic process, given with the wide breadth BID applications and the various users and stakeholders.
Without careful consideration, production of BIDs can be a pathway for perpetuating the many current unsustainable means of production and consumption under the guises of 'natural' systems [46] . The call for a high level of scrutiny of the claims of BID has been well documented, but to date, few attempts to bridge this knowledge gap have been made to deepen the connections between BID and SOI. We are still in the early days of this in this complex and necessary dialogue. Further development of Benyus's connection of innovation and evolution can shed light on a path forward. If we view technological and organizational evolution as part of the process of human evolution, sustainable development can be seen as a process of human evolution that includes the appropriate use of technology to support human participation in social and biophysical systems. Future research should include the connections of BII to the embedded view of corporate sustainability with platforms such as planetary boundaries and ecosystems services that emphasize human participation in biophysical systems.
